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Objective: There are strong indications that subchondral bone may play an important role in osteoar-
thritis (OA), making it an interesting target for medical therapies. The subchondral bone structure
changes markedly during OA, and it has long been assumed that this occurs secondary to cartilage
degeneration. However, for various conditions that are associated with OA, it is known that they may also
induce bone structural changes in the absence of cartilage degeneration. We therefore aimed to inves-
tigate if OA bone structural changes can result from mechanoregulated bone adaptation, independent of
cartilage degeneration.
Method: With a bone adaptation model, we simulated various conditions associated with OA ewithout
altering the articular cartilagee and we evaluated if mechanoregulated bone remodeling by itself could
lead to OA-like bone structural changes.
Results: For each of the conditions, the predicted changes in bone structural parameters (bone fraction,
trabecular thickness, trabecular number, and trabecular separation) were similar to those observed in OA.
Conclusion: This indicates that bone adaptation in OA can be mechanoregulated with structural changes
occurring independent of cartilage degeneration.
 2011 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Osteoarthritis (OA) is a common cause of long-term disability1. It
is characterized by degeneration of cartilage and modiﬁcation of
the structural and material properties of subchondral bone2.
Patients suffer from chronic joint pain, restriction of motion,
crepitus with motion, and joint effusions. For many years, phar-
maceutical therapies have been focussed on cartilage. The bone
changeswere thought to occur secondary to cartilage degeneration,
and not to play a major role in the disease process. However, it has
been shown in animal studies that subchondral bone changes occur
at early stages of OA3,4, and that alterations to subchondral bone
can lead to cartilage degeneration5,6. Furthermore, there is an
increased incidence of OA in patients with certain bone dis-
orders7e9, and it has been shown that bone cells derived from OA
patients can directly inﬂuence cartilage metabolism10e12.
For these reasons, currently the bone is considered as a thera-
peutic target as well, and in various OA patient and animal studies,to: Bert van Rietbergen,
iomedical Engineering, 5600
ergen).
s Research Society International. Pthe subchondral bone structure has been investigated. OA is asso-
ciated with marked increases in subchondral bone fraction and
trabecular thickness, accompanied by decreases in trabecular
number and separation13e17. The cause of these bone structural
changes remains unresolved and a better understanding might
help in developing bone-targeting therapies18.
A wide variety of conditions is associated with OA. Obesity19e21,
strenuous exercise22, and physically demanding professions20,23,24
are all known risk factors for OA, which is largely attributed to
the high joint loads associated with these conditions22,25,26. Other
conditions that alter joint loads and are strongly associated with OA
are (partial) meniscectomy27,28, anterior cruciate ligament (ACL)
injury29, and joint malalignment30. In addition, OA is associated
with the bone disease osteopetrosis7,8,31, which is characterized by
a decrease in osteoclast number and activity31. Finally, bone matrix
mineralization and stiffness have been found to be decreased in OA
bone32e35, and although it is unclear whether this should be
regarded as a cause or an effect of OA, it has been suggested that
bone sclerosis in OA occurs to counteract the decrease in matrix
stiffness36.
The conditions associated with OA do not only alter joint
mechanics and bone cellular activities in distinct ways; in addition
they differ in the time course in which these changes occur. For
example, osteopetrosis is already present at birth, while obesityublished by Elsevier Ltd. All rights reserved.
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joint mechanics abruptly. Considering the wide variety of condi-
tions associatedwith OA, it is clear that OA can develop via multiple
pathways. It is also known for most of these conditions that they
themselves can induce bone structural changes even in the absence
of OA, via mechanoregulated bone adaptation. This may explain
why bone structural changes can occur early in the OA disease
process, independent of cartilage degeneration. However, it is
unclear if these structural changes caused by mechanoregulated
bone adaptation are similar to the changes observed in OA, or that
in addition a different, pathological mechanism is involved. We
therefore aimed to investigate if mechanoregulated bone adapta-
tion can lead to OA-like bone structural changes for various
conditions associated with OA, independent of cartilage degener-
ation. In addition, we questioned whether countering bone adap-
tation as a therapeutic target is likely to reduce the progression of
OA.
For this purpose,weused an established computationalmodel of
mechanoregulated bone adaptation to simulate conditions associ-
ated with OA, that inﬂuence joint mechanics or bone remodeling in
different ways. We changed boundary conditions and model
parameters, but not the remodeling algorithm itself, such that the
simulations reﬂected the mentioned conditions. Subsequently,
we evaluated if the simulated bone structural changes that were
obtained as a result of mechanoregulated bone remodeling in these
conditions were similar to OA experimental data from literature. In
the simulations, no changes to the articular cartilage were consid-
ered, as we aimed to investigate if OA-like bone structural changes
could develop independent of cartilage degeneration.Methods
Computational model
The computational model is based on the theory of Huiskes
et al37, that describes the metabolic processes in bone as a result of
bone tissue loading sensed by osteocytes. It was previously shown
that this theory can be used to simulate basal bone remodeling, and
the adaptation of trabecular bone to alternative loading conditions
and changes in bone cellular activities38,39.
In themodel, osteocytes are randomly distributed throughout the
bone tissue, and each osteocyte produces a stimulus P in response to
the local strain energy density (SED) rate. At each location x on the
bone surface, the total osteocyte stimulus Pðx; tÞ is calculated by
summation of the stimuli by the surrounding osteocytes:
Pðx; tÞ ¼
Xn
k¼1
f ðx; xkÞmUðxk; tÞ (1)
Here, Uðxk; tÞ is the SED rate at the location of osteocyte k, n is the
total number of osteocytes within the inﬂuence distance of x, m isFig. 1. The different loading conditions: (a) normal, (b) obesity, strenuthe osteocyte mechanosensitivity, and f ðx; xkÞ is a signal decay
function:
f ðx; xkÞ ¼ e
dðx; xkÞ
D (2)
depending on the distance between osteocyte k and location x on
the bone surface dðx; xkÞ, and decay parameter D. If the total oste-
ocyte stimulus Pðx; tÞ exceeds formation threshold kthr, bone is
formed according to:
dVf ðx; tÞ
dt
¼ sðPðx; tÞ  kthrÞ if Pðx; tÞ > kthr (3)
Here, dVf ; bðx; tÞ=dt is the change in bone volume at location x due
to bone formation, and s is a time constant related to the rate of
bone formation. Resorption is assumed to be triggered by randomly
occurring microcracks. This means that the chance of resorption is
equal at all locations x on the bone surface. Furthermore, it is
assumed that at each location x where resorption occurs, the same
amount of bone Vcl is resorbed within one increment, making the
change of volume due to resorption at this location:
dVrðx; tÞ
dt
¼
8>><
>>:
Vcl if rðx; tÞ 
Z
t
Z
z
Fresdx dt
0 if rðx; tÞ >
Z
t
Z
z
Fresdx dt
(4)
Here, rðx; tÞ is a random number between 0 and 1, and Fres is the
resorption frequency, indicating the frequency with which new
resorption pits are formed on the bone surface. The total change of
bone volume becomes:
dVðx; tÞ
dt
¼ dVf ðx; tÞ
dt
þ dVrðx; tÞ
dt
(5)
Finite element analysis
To calculate the local SED values, ﬁnite element analysis was
used. We evaluated our hypothesis in a 2D domain that represents
part of the articular cartilage and bone below the articular cartilage.
We used a square mesh of 200 200 elements, with an element
size of 50 50 mm. The model consisted of 194 rows of bone tissue
and six rows of articular cartilage. In the bone tissue, osteocytes
were randomly distributed. The mesh was loaded statically with
2 MPa compression in the vertical direction (perpendicular to the
cartilage), and 1.2 MPa in the horizontal direction, which for
a linear elastic material represents the maximum SED rate of
a dynamic load of 1 MPa and 0.6 MPa at 1 Hz respectively40. The
initial mesh and boundary conditions are shown in Fig. 1, as well as
the different loads applied for the different simulations.ous exercise, (c) malalignment, ACL injury, partial meniscectomy.
Table I
Model parameters
Symbol Variable Value Unit Ref
n Osteocyte density 1600 mm2 [42]
D Osteocyte signal decay
parameter
0.1 mm [43]
Vcl Resorption space 1.5 103 mm2 h1 [44,45]
g Material constant 3.0 e [41]
m Osteocyte mechanosensitivity 0.5 nmolmm J1 h1
kthr Formation threshold 2.0 104 nmolmm2 h1
s Time constant 9.1 104 mm5 nmol1
Fres Resorption frequency 12.8 mm2 h1
Eb Elastic modulus bone 5 103 MPa [46e48]
nb Poisson ratio bone 0.3 e [49,50]
Ec Elastic modulus articular
cartilage
6 MPa [51,52]
nc Poisson ratio articular
cartilage
0.49 e [52]
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integration point volume is completely ﬁlled with bone, the relative
density is one. If an integration point does not contain any bone
tissue, the relative density is zero. At the trabecular surface, inte-
gration point volumes can be partially ﬁlled with bone, leading to
a relative density of bone volume per integration point volume
between zero and one. At these locations, the elastic modulus was
calculated using Currey’s power law41:
Eðn; kÞ ¼ Ebrðn; kÞg (6)
Here, Eb is the elastic modulus of the bonematrix, rðn; kÞ is the bone
volume density at integration point location n at time increment k,
and g is a material constant. The model parameter values are in
Table I. Since we used 2D analyses, parameters are related to area
instead of volume. The derivation of the model parameter values
was described in a previous paper39.Simulations of conditions associated with OA
High joint load
Obesity, strenuous exercise, and physically demanding profes-
sions uniformly increase joint loads, while partial meniscectomy,
ACL injury, and malalignment increase joint loads in a spatially
non-uniform matter. ACL injury and varus alignment increase
medial loading30,53,54, and valgus alignment increases lateral
loading30,54, while for partial meniscectomy the redistribution of
load depends on the location of the meniscectomy.
We simulated bone remodeling in response to both a spatially
uniform and a spatially non-uniform increase in load (Fig. 1,
Table II). For the uniform high load we chose a 40% increase
compared to normal26. For the non-uniform increase in load we
applied a ramp load on top of the cartilage, ranging from the
normal load to a 40% increase53,55,56.
Decreased bone matrix stiffness
To simulate bone remodeling in response to a decrease in
mechanical bone matrix properties, we decreased bone matrixTable II
Overview of the simulated conditions
Condition Mode
1. Obesity, strenuous exercise Unifor
2. Malalignment, ACL injury, partial meniscectomy 0e40%
3. Decreased mineralization 40% d
4. Osteopetrosis 60% dstiffness by 40%, based on nanoindentation measurements from an
OA patient study33.
Bone disease
Osteopetrosis is mainly characterized by a decrease in osteoclast
number and activity31, and we simulated osteopetrosis by
decreasing the corresponding model parameters (Table II). Because
the amount of decrease in osteoclast number and activity varies for
different forms and severities of the disease, no exact parameter
changes could be derived from the literature. Therefore, we made
an arbitrary choice to decrease the resorption frequency by 60% and
the resorption cavity size by 30%.
Simulation protocols
First, we performed a simulation with the normal parameter set,
until equilibrium was obtained. Subsequently, we used this ‘normal’
structure as starting point for the simulation of condition 1, condi-
tion 2, and condition 3 (Table II), assuming that these conditions
develop at a certain time during adulthood. For condition 4, we did
not use the normal structure as starting point, since osteopetrosis is
already present at birth. Instead we started from the uniform
structure that was also the starting point for the ‘normal’ simulation.
Bone structure parameters
To evaluate the effect of the different simulated conditions, we
determined structure parameters from the simulated bone archi-
tectures. Bone density was determined by dividing the area of bone
by the total area, and trabecular number by counting the trabecular
intersections along each horizontal pixel row. Trabecular thickness
was deﬁned for each trabecular surface pixel as the smallest
distance to another trabecular surface pixel, bordering a different
marrow cavity. Trabecular separation was deﬁned for each marrow
cavity as the largest distance between two bone surface pixels
bordering the marrow cavity.
Results
From the simulated structures (Fig. 2), bone structural param-
eters were determined. These parameters are in Table III, together
with literature values determined from human cancelous bone at
different sites. Trabecular dimensions for the normal simulation are
similar to experimentally determined values (Table III), although
the simulated bone fraction is slightly high, while trabecular
number is slightly low compared to literature values. The expla-
nation for these deviations is that in our simulations all trabeculae
are interconnected in the 2D plane in contrast with normal bone
structures, thereby leading to a higher bone fraction for the same
trabecular number and thickness.
Experimentally determined changes in bone structure param-
eters as a result of OA vary considerably, depending on for example
the severity of the disease, making quantitative comparison to our
simulations inexpedient. However, to obtain an idea of the in vivo
range of change in structural parameters, we included OA data from
clinical and animal studies from the literature in Table IV.l parameter change
m 40% increase in load
increase in load perpendicular to the joint surface (ramp load)
ecrease in bone matrix stiffness Eb
ecrease in resorption frequency Fres and 30% decrease in resorption cavity size Vcl
Fig. 2. Simulated bone structures for different conditions: (a) normal, (b) obesity, strenuous exercise, (c) ACL injury, partial meniscectomy, malalignment, (d) reduced minerali-
zation, (e) osteopetrosis.
Table IV
Changes in bone structural parameters for the simulated conditions compared to the
simulated normal structure
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condition led to an increase in bone fraction and trabecular thick-
ness, and a decrease in trabecular number and separation, in
concurrence with experimental data from OA patients and animal
studies.
The simulation representing joint malalignment and ACL injury
resulted in the smallest changes in bone structural parameters. The
explanation for this is that bone changes in this simulation were
local, while the determined structure parameter values are an
average for the whole mesh. The changes mostly occurred on the
right side of the structure, underneath the area of the most highly
loaded cartilage. Such localized sclerosis is in agreement with
experimental data from OA patients with bone malalignment62.
The increase in bone fraction is the most marked in the simulation
of osteopetrosis, which agrees with the association of osteopetrosis
with severe sclerosis.
We calculated the average SED value in the bone tissue during
the period of bone remodeling for each condition and compared
these to the average SED value for the normal equilibrium simu-
lation (Fig. 3). Obesity, strenuous exercise, malalignment, ACL
injury, partial meniscectomy and decreased mineralization all led
to an increase in SED. This was either due to an increase in both
stress and strain resulting from an increase in load, or due to an
increase in strain caused by a decrease in matrix stiffness. During
remodeling, bone fraction increased such that the SED returned to
the normal level or even decreased to slightly below the normal
level. The SED values for osteopetrosis are not shown in Fig. 3, since
we did not use the normal structure as input for this simulation.
The average SED value in the bone was much lower in the simu-
lation of osteopetrosis, due to the higher bone fraction.Table III
Bone structure parameters baseline simulation
Simulation Literature57e60
Bone fraction (BF) 0.56 0.15e0.41
Trabecular thickness (Tb.Th) 270 mm 119e330 mm
Trabecular number (Tb.N) 1.18 mm1 1.30e1.90 mm1
Trabecular separation (Tb.Sp) 646 mm 300e740 mmWe also determined the apparent bone stiffness at the onset of
the conditions and after remodeling (Fig. 4). The stiffness before
and at the onset of the conditions is not shown for osteopetrosis,
since there was no clear onset point in this case, but at the end of
this simulation the apparent bone stiffness was 172% higher than
normal. As expected, the apparent bone stiffness at the onset of the
condition decreased by approximately 40% in case of the decreased
matrix stiffness, while there was no change in apparent bone
stiffness at the onset of the conditions for the simulations in which
the load was increased. Remodeling resulted in an increase in
apparent bone stiffness for all conditions. In case of the increased
loads, the increase in bone fraction that occurred during remodel-
ing led to an apparent bone stiffness which was higher than normal
(74% increase for obesity/exercise, and 17% increase for ACL injury/
meniscectomy/malalignment), while the increase in bone fraction
in case of decreased mineralization normalized the apparent bone
stiffness (from 40% lower than normal at the onset of the condition
to 8% lower than normal after remodeling).
Discussion
The bone structural changes that we predicted using a mecha-
noregulated bone adaptation model, are in agreement with bone
structural changes observed in OA. This indicates that subchondral
bone structural changes observed in OA can occur independent ofCondition BF Tb.Th Tb.N Tb.Sp
1. Obesity, strenuous exercise þ32% þ29% 25% 20%
2. ACL injury, partial
meniscectomy,
malalignment
þ11% þ11% 2% 7%
3. Reduced mineralization þ23% þ22% 14% 17%
4. Osteopetrosis þ63% þ7% 22% 68%
Literature data on
OA13e15,17,61
þ(18e80)% þ(13e87)% (9e15)% (18e26)%
Fig. 3. Average SED in the bone during remodeling after changing the model param-
eters to simulate conditions associated with OA.
L.G.E. Cox et al. / Osteoarthritis and Cartilage 19 (2011) 676e682680cartilage degeneration, and that they do not need to result from
disturbed mechanoregulation or inﬂammatory processes that
occur as a direct result of the disease. However, this does not mean
that cartilage degeneration cannot (indirectly) induce or promote
bone structural changes in OA. Although in the current study we
focused on the adaptation of the subchondral bone, altered joint
mechanics also affect the articular cartilage. Pathology begins if the
repair capacity of the osteochondral tissue has been exceeded,
which usually is a process of many years. Once the degeneration
has begun, the degenerative processes and mechanical adaptation
likely interact. Degeneration of cartilage is thought to increase the
stress in the subchondral bone56, and additionally, it may lead to
joint malalignment63, which would both induce a remodeling
response according to our simulations. Furthermore, the decrease
in bone matrix stiffness observed in OA may be related to cartilage
degeneration. In OA femoral heads, bonematrix stiffness was found
to be most markedly decreased directly underneath the cartilage34
and in a study on OA knees, the bone structural changes were also
most marked directly underneath the cartilage, and additionally
seemed correlated to the degree of degeneration of the overlying
cartilage15.
Our simulations do not exclude the possibility that a different,
pathological process inﬂuences bone formation and resorption in
OA. However, they do show that it is likely that mechanoregulation
is still present, ensuring that bone is formed at locations of high
mechanical load, and resorbed at locations of low mechanical load.Fig. 4. Apparent bone stiffness prior to and after the onset of different conditions, and
after remodeling. Model parameters.If mechanoregulated bone remodeling is indeed the mechanism
behind the bone structural changes in OA, what does this mean for
the development of bone-targeting therapies? Currently, pharma-
ceutical therapies are being developed that target osteoblasts and
osteoclasts, and decrease the bone remodeling rate. Although the
bone turnover rate is indeed increased in OA, our study indicates
that bone formation and bone resorption are not necessarily
disturbed. Furthermore, inhibiting bone remodeling may nega-
tively affect bone, since it may lead to higher local bone tissue
loading as shown in Fig. 3.
In addition to the effect that bone-targeting therapies have on
bone, they may have an effect on cartilage. It has been suggested
that cartilage degeneration in OA is related to the subchondral bone
stiffness. Both an increase64,65 and a decrease66,67 in apparent bone
stiffness have been suggested to lead to cartilage degeneration. If
both hypotheses hold, the effect of inhibiting bone remodeling on
cartilage may depend on the underlying cause of the disease.
Inhibiting bone remodeling in case high joint loads or osteopetrosis
are the underlying cause of the disease may be beneﬁcial, since this
may prevent an increase in bone stiffness (Fig. 4). However, in case
decreased mineralization is the underlying cause of the disease,
inhibiting remodeling may have a negative effect on cartilage, since
it may prevent ‘normalization’ of the apparent bone stiffness
(Fig. 4). Of course, if inhibiting remodeling would prevent the
replacement of normal bone tissue by lessmineralized bonematrix,
this may counteract the initial decrease in apparent bone stiffness
observed in our simulations. Furthermore, it should be noted that
other factors may play a role as well, as it has been shown that bone
cells isolated from OA bone may directly alter cartilage metabolism
in vitro10e12.
In our model it is assumed that osteocytes can sense an SED
equivalent loading measure and that they can stimulate osteoblast
cells in their vicinity. Although these are assumptions, we have
demonstrated in earlier studies that this model can explain a large
number of trabecular bone features40, and that its results are not
strongly dependent on the choice of the exact load parameter
sensed by the osteocytes68 or even the assumed regulation
mechanism69. In the present study we used a 2D model, which
limits the structures that can be represented. However, a thorough
parameter study showed that for this 2D model, alterations in
bone structure parameters in response to a change in various
model parameters are in agreement with experimental data from
literature39.
In conclusion, mechanoregulated bone remodeling may explain
how various conditions associated with OA can directly induce
OA-like bone structural changes, independent of changes occur-
ring in the cartilage. Also, it may explain why bone structural
changes can occur secondary to cartilage degeneration. Given the
hypothesis underlying our theoretical work, we propose that
decreasing the rate of bone remodeling in OA may increase bone
tissue loading. Furthermore, we postulate that whether decreasing
the rate of bone remodeling has a beneﬁcial effect on cartilage
degeneration may depend considerably upon the underlying
cause of the disease.Author contributions
All authors contributed to the conception and design of the
study, analysis and interpretation of the data, and revision of the
article. L.G.E. Cox performed the simulations and drafted the article.
All authors granted ﬁnal approval.
Conﬂict of interest
None.
L.G.E. Cox et al. / Osteoarthritis and Cartilage 19 (2011) 676e682 681Acknowledgments
This project is funded by the Royal Netherlands Academy of Arts
and Sciences.
References
1. Buckwalter JA, Martin JA. Osteoarthritis. Adv Drug Deliv Rev
2006;58(2):150e67.
2. Goldring SR. Role of bone in osteoarthritis pathogenesis. Med
Clin North Am 2009;93(1):25e35, xv.
3. Hayami T, Pickarski M, Zhuo Y, Wesolowski GA, Rodan GA,
Duong le T. Characterization of articular cartilage and sub-
chondral bone changes in the rat anterior cruciate ligament
transection and meniscectomized models of osteoarthritis.
Bone 2006;38(2):234e43.
4. Quasnichka HL, Anderson-MacKenzie JM, Bailey AJ. Sub-
chondral bone and ligament changes precede cartilage
degradation in guinea pig osteoarthritis. Biorheology
2006;43(3e4):389e97.
5. Ewald FC, Poss R, Pugh J, Schiller AL, Sledge CB. Hip cartilage
supported by methacrylate in canine arthroplasty. Clin Orthop
Relat Res 1982;(171):273e9.
6. Lahm A, Uhl M, Edlich M, Erggelet C, Haberstroh J, Kreuz PC. An
experimental canine model for subchondral lesions of the
knee joint. Knee 2005;12(1):51e5.
7. Strickland JP, Berry DJ. Total joint arthroplasty in patients with
osteopetrosis: a report of 5 cases and review of the literature.
J Arthroplasty 2005;20(6):815e20.
8. Cameron HU, Dewar FP. Degenerative osteoarthritis associated
with osteopetrosis. Clin Orthop Relat Res 1977;(127):148e9.
9. Ralston SH, Langston AL, Reid IR. Pathogenesis and manage-
ment of paget’s disease of bone. Lancet 2008;372(9633):
155e63.
10. Sanchez C, Deberg MA, Piccardi N, Msika P, Reginster JY,
Henrotin YE. Osteoblasts from the sclerotic subchondral bone
downregulate aggrecan but upregulate metalloproteinases
expression by chondrocytes. This effect is mimicked by inter-
leukin-6, -1beta and oncostatin M pre-treated non-sclerotic
osteoblasts. Osteoarthritis Cartilage 2005;13(11):979e87.
11. Sanchez C, Deberg MA, Piccardi N, Msika P, Reginster JY,
Henrotin YE. Subchondral bone osteoblasts induce phenotypic
changes in human osteoarthritic chondrocytes. Osteoarthritis
Cartilage 2005;13(11):988e97.
12. Westacott CI, Webb GR, Warnock MG, Sims JV, Elson CJ.
Alteration of cartilage metabolism by cells from osteoarthritic
bone. Arthritis Rheum 1997;40(7):1282e91.
13. Lahm A, Kreuz PC, Oberst M, Haberstroh J, Uhl M, Maier D.
Subchondral and trabecular bone remodeling in canine
experimental osteoarthritis. Arch Orthop Trauma Surg
2006;126(9):582e7.
14. Kamibayashi L, Wyss UP, Cooke TD, Zee B. Trabecular micro-
structure in the medial condyle of the proximal tibia of
patients with knee osteoarthritis. Bone 1995;17:27e35.
15. Bobinac D, Spanjol J, Zoricic S, Maric I. Changes in articular
cartilage and subchondral bone histomorphometry in osteo-
arthritic knee joints in humans. Bone 2003;32(3):284e90.
16. Zysset PK, Sonny M, Hayes WC. Morphology-mechanical
property relations in trabecular bone of the osteoarthritic
proximal tibia. J Arthroplasty 1994;9(2):203e16.
17. Blumenkrantz G, Lindsey CT, Dunn TC, Jin H, Ries MD, Link TM,
et al. A pilot, two-year longitudinal study of the interrela-
tionship between trabecular bone and articular cartilage in the
osteoarthritic knee. Osteoarthritis Cartilage 2004;12(12):
997e1005.18. Burr DB, Schafﬂer MB. The involvement of subchondral
mineralized tissues in osteoarthrosis: quantitative microscopic
evidence. Microsc Res Tech 1997;37(4):343e57.
19. Sharma L, Lou C, Cahue S, Dunlop DD. The mechanism of the
effect of obesity in knee osteoarthritis: the mediating role of
malalignment. Arthritis Rheum 2000;43(3):568e75.
20. Toivanen AT, Heliovaara M, Impivaara O, Arokoski JP, Knekt P,
Lauren H, et al. Obesity, physically demanding work and
traumatic knee injury are major risk factors for knee osteo-
arthritis e a population-based study with a follow-up of 22
years. Rheumatology (Oxford) 2010;49(2):308e14.
21. Coggon D, Reading I, Croft P, McLaren M, Barrett D, Cooper C.
Knee osteoarthritis and obesity. Int J Obes Relat Metab Disord
2001;25(5):622e7.
22. Kujala UM, Kaprio J, Sarna S. Osteoarthritis of weight bearing
joints of lower limbs in former elite male athletes. BMJ
1994;308(6923):231e4.
23. Amin S, Goggins J, Niu J, Guermazi A, Grigoryan M, Hunter DJ,
et al. Occupation-related squatting, kneeling, and heavy lifting
and the knee joint: a magnetic resonance imaging-based study
in men. J Rheumatol 2008;35(8):1645e9.
24. Felson DT. Do occupation-related physical factors contribute to
arthritis? Bailliere’s Clin Rheumatol 1994;8(1):63e77.
25. Schofﬂ VR, Hochholzer T, Imhoff AB, Schofﬂ I. Radiographic
adaptations to the stress of high-level rock climbing in junior
athletes: a 5-year longitudinal study of the German junior
national team and a group of recreational climbers. Am J
Sports Med 2007;35(1):86e92.
26. Browning RC, Kram R. Effects of obesity on the biomechanics
of walking at different speeds. Med Sci Sports Exerc
2007;39(9):1632e41.
27. Roos H, Lauren M, Adalberth T, Roos EM, Jonsson K,
Lohmander LS. Knee osteoarthritis after meniscectomy: prev-
alence of radiographic changes after twenty-one years,
compared with matched controls. Arthritis Rheum
1998;41(4):687e93.
28. Englund M, Lohmander LS. Risk factors for symptomatic knee
osteoarthritis ﬁfteen to twenty-two years after meniscectomy.
Arthritis Rheum 2004;50(9):2811e9.
29. Chaudhari AM, Briant PL, Bevill SL, Koo S, Andriacchi TP. Knee
kinematics, cartilage morphology, and osteoarthritis after ACL
injury. Med Sci Sports Exerc 2008;40(2):215e22.
30. Eckstein F, Hudelmaier M, Cahue S, Marshall M, Sharma L.
Medial-to-lateral ratio of tibiofemoral subchondral bone area
is adapted to alignment and mechanical load. Calcif Tissue Int
2009;84(3):186e94.
31. Stark Z, Savarirayan R. Osteopetrosis. Orphanet J Rare Dis
2009;4:5.
32. Li B, Aspden RM. Mechanical and material properties of the
subchondral bone plate from the femoral head of patients with
osteoarthritis or osteoporosis. Ann Rheum Dis
1997;56(4):247e54.
33. Day JS, Ding M, Linden JCVD, Hvid I, Sumner DR, Weinans H.
A decreased subchondral trabecular bone tissue elastic
modulus is associated with pre-arthritic cartilage damage.
J Orthop Res 2001;19(5):914e8.
34. Grynpas MD, Alpert B, Katz I, Lieberman I, Pritzker KP. Sub-
chondral bone in osteoarthritis. Calcif Tissue Int
1991;49(1):20e6.
35. Mansell JP, Bailey AJ. Abnormal cancellous bone collagen
metabolism in osteoarthritis. J Clin Invest 1998;101(8):
1596e603.
36. Day JS, Linden JCVD, Bank RA, Ding M, Hvid I, Sumner DR, et al.
Adaptation of subchondral bone in osteoarthritis. Biorheology
2004;41(3e4):359e68.
L.G.E. Cox et al. / Osteoarthritis and Cartilage 19 (2011) 676e68268237. Huiskes R, Ruimerman R, van Lenthe GH, Janssen JD. Effects of
mechanical forces on maintenance and adaptation of form in
trabecular bone. Nature 2000;405(6787):704e6.
38. Ruimerman R, Hilbers P, van Rietbergen B, Huiskes R.
A theoretical framework for strain-related trabecular bone
maintenance and adaptation. J Biomech 2005;38(4):931e41.
39. Cox LG, van Rietbergen B, van Donkelaar CC, Ito K. Analysis of
bone architecture sensitivity for changes in mechanical
loading, cellular activity, mechanotransduction, and tissue
properties. Biomech Model Mechanobiol, doi:10.1007/s10237-
010-0267-x [epub ahead of print].
40. Ruimerman R, Huiskes R, van Lenthe GH, Janssen JD.
A computer-simulation model relating bone-cell metabolism
to mechanical adaptation of trabecular architecture. Comput
Meth Biomech Biomed Eng 2001;4(5):433e48.
41. Currey JD. The effect of porosity and mineral content on the
young’s modulus of elasticity of compact bone. J Biomech
1988;21(2):131e9.
42. Marotti G, Cane V, Palazzini S, Palumbo C. Structureefunction
relationships in the osteocyte. Ital J Miner Electrol Metabol
1990;4(2):93e106.
43. Mullender MG, Huiskes R. Proposal for the regulatory mech-
anism of wolff’s law. J Orthop Res 1995;13(4):503e12.
44. Eriksen EF, Kassem M. The cellular basis of bone remodeling.
Triangle 1992;31(2):45e57.
45. Parﬁtt AM. Osteonal and hemi-osteonal remodeling: the
spatial and temporal framework for signal trafﬁc in adult
human bone. J Cell Biochem 1994;55(3):273e86.
46. Rho JY, Ashman RB, Turner CH. Young’s modulus of trabecular
and cortical bone material: ultrasonic and microtensile
measurements. J Biomech 1993;26(2):111e9.
47. Choi K, Kuhn JL, Ciarelli MJ, Goldstein SA. The elastic moduli of
human subchondral, trabecular, and cortical bone tissue and
the size-dependency of cortical bone modulus. J Biomech
1990;23(11):1103e13.
48. van Rietbergen B, Weinans H, Huiskes R, Odgaard A. A new
method to determine trabecular bone elastic properties and
loading using micromechanical ﬁnite-element models.
J Biomech 1995;28(1):69e81.
49. Rho JY. An ultrasonic method for measuring the elastic prop-
erties of human tibial cortical and cancellous bone. Ultrasonics
1996;34(8):777e83.
50. Ashman RB, Cowin SC, Buskirk WCV, Rice JC. A continuous
wave technique for the measurement of the elastic properties
of cortical bone. J Biomech 1984;17(5):349e61.
51. Tanck E, van Donkelaar CC, Jepsen KJ, Goldstein SA, Weinans H,
Burger EH, et al. The mechanical consequences of mineraliza-
tion in embryonic bone. Bone 2004;35(1):186e90.
52. Carter DR, Orr TE, Fyhrie DP, Schurman DJ. Inﬂuences of
mechanical stress on prenatal and postnatal skeletal devel-
opment. Clin Orthop Relat Res 1987;(219):237e50.
53. Moglo KE, Shirazi-Adl A. Biomechanics of passive knee joint in
drawer: load transmission in intact and ACL-deﬁcient joints.
Knee 2003;10(3):265e76.
54. Bourne RB, Finlay JB, Papadopoulos P, Rorabeck CH, Andreae P.
In vitro strain distribution in the proximal tibia. Effect of
varusevalgus loading in the normal and osteoarthritic knee.
Clin Orthop Relat Res 1984;(188):285e92.
55. Li G, Suggs J, Gill T. The effect of anterior cruciate ligament
injury on knee joint function under a simulated muscle load:a three-dimensional computational simulation. Ann Biomed
Eng 2002;30(5):713e20.
56. Fukuda Y, Takai S, Yoshino N, Murase K, Tsutsumi S, Ikeuchi K,
et al. Impact load transmission of the knee joint-inﬂuence of
leg alignment and the role of meniscus and articular cartilage.
Clin Biomech (Bristol, Avon) 2000;15(7):516e21.
57. Akhter MP, Lappe JM, Davies KM, Recker RR. Transmenopausal
changes in the trabecular bone structure. Bone
2007;41(1):111e6.
58. Cortet B, Chappard D, Boutry N, Dubois P, Cotten A,
Marchandise X. Relationship between computed tomographic
image analysis and histomorphometry for microarchitectural
characterization of human calcaneus. Calcif Tissue Int
2004;75(1):23e31.
59. Hildebrand T, Laib A, Muller R, Dequeker J, Ruegsegger P.
Direct three-dimensional morphometric analysis of human
cancellous bone: microstructural data from spine, femur,
iliac crest, and calcaneus. J Bone Miner Res
1999;14(7):1167e74.
60. Krug R, Carballido-Gamio J, Burghardt AJ, Kazakia G, Hyun BH,
Jobke B, et al. Assessment of trabecular bone structure
comparing magnetic resonance imaging at 3 tesla with high-
resolution peripheral quantitative computed tomography
ex vivo and in vivo. Osteoporos Int 2008;19(5):653e61.
61. Fazzalari NL, Moore AJ, Byers S, Byard RW. Quantitative anal-
ysis of trabecular morphogenesis in the human costochondral
junction during the postnatal period in normal subjects. Anat
Rec 1997;248(1):1e12.
62. Takahashi S. Decrease of osteosclerosis in subchondral bone of
medial compartmental osteoarthritic knee seven to nineteen
years after high tibial valgus osteotomy. Hosp Joint Dis
2002;61(1e2):56e62.
63. Lindsey CT, Narasimhan A, Adolfo JM, Jin H, Steinbach LS,
Link T, et al. Magnetic resonance evaluation of the interrela-
tionship between articular cartilage and trabecular bone of the
osteoarthritic knee. Osteoarthritis Cartilage
2004;12(2):86e96.
64. Radin EL, Paul IL, Rose RM. Role of mechanical factors in
pathogenesis of primary osteoarthritis. Lancet 1972;1(7749):
519e22.
65. Radin EL, Parker HG, Pugh JW, Steinberg RS, Paul IL, Rose RM.
Response of joints to impact loading. 3. Relationship between
trabecular microfractures and cartilage degeneration.
J Biomech 1973;6(1):51e7.
66. Brandt KD. Transection of the anterior cruciate ligament in the
dog: a model of osteoarthritis. Semin Arthritis Rheum
1991;21(3 Suppl 2):22e32.
67. Behets C, Williams JM, Chappard D, Devogelaer JP,
Manicourt DH. Effects of calcitonin on subchondral trabecular
bone changes and on osteoarthritic cartilage lesions after
acute anterior cruciate ligament deﬁciency. J Bone Miner Res
2004;19(11):1821e6.
68. Ruimerman R, van Rietbergen B, Hilbers P, Huiskes R. The
effects of trabecular-bone loading variables on the surface
signaling potential for bone remodeling and adaptation. Ann
Biomed Eng 2005;33(1):71e8.
69. van Oers REM, van Rietbergen B, Hilbers P, Ito RHK, A sclero-
stin-based theory for strain-induced bone formation. Biomech
Model Mechanobiol, doi:10.1007/s10237-010-0264-0 [epub
ahead of print].
